Streptococcus bovis JB1 cells energized with glucose transported glutamine at a rate of 7 nmol/mg of protein per min at a pH of 5.0 to 7.5; sodium had little effect on the transport rate. Because valinomycin-treated cells loaded with K and diluted into Na (pH 6.5) to create an artificial A* took up little glutamine, it appeared that transport was driven by phosphate-bond energy rather than proton motive force. The kinetics of glutamine transport by glucose-energized cells were biphasic, and it appeared that facilitated diffusion was also involved, particularly at high glutamine concentrations. Glucose-depleted cultures took up glutamine and produced ammonia, but the rate of transport per unit of glutamine (VIS) by nonenergized cells was at least 1,000-fold less than the VIS by glucose-energized cells. Glutamine was converted to pyroglutamate and ammonia by a pathway that did not involve a glutaminase reaction or glutamate production. No ammonia production from pyroglutamate was detected. S. bovis was unable to take up glutamate, but intracellular glutamate concentrations were as high as 7 mM. Glutamate was produced from ammonia via a glutamate dehydrogenase reaction. Cells contained high concentrations of 2-oxoglutarate and NADPH that inhibited glutamate deamination and favored glutamate formation. Since the carbon skeleton of glutamine was lost as pyroglutamate, glutamate formation occurred at the expense of glucose. Arginine deamination is often used as a taxonomic tool in classifying streptococci, and it had generally been assumed that other amino acids could not be fermented. To our knowledge, this is the first report of glutamine conversion to pyroglutamate and ammonia in streptococci.
Streptococci are facultative anaerobes which are found in soil, water, dairy products, and the alimentary tracts of animals (13) . Recent nucleic acid hybridization studies, 16S rRNA oligonucleotide cataloging, and chemotaxonomic analyses indicated that the genus Streptococcus is a genetically diverse group of organisms, and many of these species have been reassigned to the genera Lactococcus and Enterococcus (25) . Streptococcus bovis, a bacterium that flourishes in the rumen when large amounts of starch are fed (16) , was retained in the genus Streptococcuis, but the taxonomic status of this species is in many ways "still unsatisfactory" (25) .
Streptococci are generally described as having complex nutritional requirements, but S. bovis is able to grow in the absence of amino acids with ammonia as its sole source of nitrogen (29) . However, S. bovis grows more than twice as fast when amino acids are provided, and recent work has indicated that the bacterium transports amino acids rapidly (10) , sometimes by sodium-dependent mechanisms (24) . Although some amino acids are transported at a rapid rate, earlier work indicated that ruminal streptococci were unable to produce ammonia (6). Burchall et al. (7) indicated that S. bovis had high levels of glutamate dehydrogenase (GDH), an enzyme which should be able to deaminate glutamate. The presence of GDH was difficult to reconcile with the apparent absence of ammonia production.
Amino acid deamination within the rumen is a nutritionally wasteful process (2), but little was known about the transport and metabolism of amino acids by ruminal bacteria. Glutamine and glutamate are the predominant amino acids in most feedstuff proteins. Our results showed that S. bovis (i) did not transport or utilize glutamate as a nitrogen source, (ii) took up glutamine by facilitated diffusion and * Corresponding author.
active transport mechanisms, (iii) produced pyroglutamate and ammonia from glutamine, (iv) did not have glutaminase activity, (v) had high concentrations of intracellular glutamate, and (vi) contained concentrations of 2-oxoglutarate and NADPH that inhibited glutamate deamination and strongly favored glutamate formation. To our knowledge, this is the first report of glutamine conversion to pyroglutamate and ammonia in streptococci. Previous workers (6) had failed to detect ammonia production by S. bovis because much of the glutamine in commercial amino acid sources (protein hydrolysates) had already been converted to pyroglutamate. Pyroglutamate is often used as a terminal amino acid in short peptides that serve as mammalian hypothalamic releasing hormones (17) .
MATERIALS AND METHODS
Organism and growth conditions. S. bovis JB1 (22) was grown in basal medium which contained the following components (in milligrams per liter): K2HPO4, 292; KH2PO4, 292; Na2SO4, 400; NaCl, 480; MgSO4 7H20, 100; CaCl2 2H20, 64; Na2CO3, 4,000; Na2S 9H20, 500; and vitamins and microminerals (23 (3, 5) . Intracellular volumes were estimated from the ratio of cell protein to intracellular space. Previous work indicated that S. bovis had a 5-pl volume per mg of protein (21) .
Cells for intracellular NADP and NADP(H) determinations were chilled with oxygen-free ice under a carbon dioxide atmosphere. Once the ice had melted, the cells were washed once in anaerobic phosphate buffer. Cell pellets were immediately extracted in 0.1 N HCl (NADP) or 0.1 N NaOH (NADPH) with a Teflon homogenizer (50°C, 10 min). NADP and NADPH were assayed by the recycling assay of Yamamoto (30) by using diaphorase and alcohol dehydrogenase (Sigma). Intracellular concentrations were based on the cell volume values described above.
Fermentation products. Ammonia production was determined by the colorimetric assay of Chaney and Marbach (8) 1.85 ,uM) and allowed to continue for 0 to 30 s. Transport was terminated by adding 2 ml of ice-cold 0.1 M LiCl to the reaction mixture and filtering the mixture rapidly through 0.45-[Lm-pore-size cellulose nitrate membrane filters. In some cases, the cells were not energized with glucose or were deenergized with 2-deoxyglucose (4 mM, 30 min, 39°C after glucose depletion). K diffusion potentials to create an artificial At1 were conducted with valinomycintreated cells (5 p1M) that were loaded with K (100 mM, 30 min, 0°C) and diluted 50-fold into 100 mM sodium phosphate buffer (pH 6.5).
RESULTS
Growth and ammonia production. When S. bovis was inoculated into medium containing glucose (2 g/liter) and glutamate (15 g/liter) as the sole source of nitrogen, little growth was observed and ammonia production was never noted (data not shown). However, when glutamine was the nitrogen source, S. bovis grew rapidly (0.54 h-1) and the final optical density was greater than 2.0 (Fig. 1) . Glutamine utilization was associated with the production of pyroglutamate, and virtually all of the glutamine utilization could be accounted for by the conversion of glutamine pyroglutamate. There was no increase in ammonia until growth had ceased.
Transport. min (pH 7.5 to 5.0), and there was little change in the transport rate until the pH was 4.5 (4 nmol/mg of protein per min). Cells not glucose energized or loaded with K and diluted into Na to create an artificial At4 were unable to transport glutamine. The addition of Na to the transport assays had little effect on glutamine transport. Transport of glutamate in the presence or absence of sodium was never observed (data not shown).
When glucose-energized cells were assayed at glutamine concentrations ranging from 1 to 100 ,uM, the relationship between transport rate (V) and the rate per unit of substrate (VIS) was not linear (Fig. 2) . V was abnormally high at high substrate concentrations, and these biphasic kinetics suggested that a diffusion mechanism was also contributing to uptake. Nonenergized cultures produced ammonia from glutamine, but the rate of ammonia production was proportional to the substrate concentration (V/S was constant). The V/S of energized cells was at least 1,000-fold greater than that of nonenergized cells.
Enzyme studies. Toluene-treated cells produced ammonia from glutamine, but no ammonia production was observed with cell extracts (Fig. 3) . When toluene-treated cells and cell extracts were incubated with either glutamine or pyroglutamate, glutamate production was never detected. Since glutamate cyclotransferase is a reversible enzyme (20) , it appeared that glutamate was not an intermediate in the conversion of glutamine to ammonia and pyroglutamate. Glucose-energized cells were unable to transport 14C-labeled glutamate at a pH between 4.5 and 7.5. Previous studies indicated that S. bovis had sodium-dependent transport systems for neutral amino acids (24) , but sodium had no effect on glutamate transport. S. bovis grew with glutamine as the sole nitrogen source, but it was able to transport glutamine rapidly only when glucose was available. Because an artificial Ail, created by K diffusion, was unable to drive glutamine transport, it is likely that glutamine was taken up by a mechanism involving phosphate-bond energy. Since the kinetics of glutamine transport were biphasic (Fig. 2) and the intracellular metabolism of glutamine could have created a concentration gradient across the cell membrane, it appeared that diffusion could also play a role in glutamine uptake. Similar results were noted for leucine transport by Streptococcus cremoris (11) .
When intact S. bovis cells were incubated with high concentrations of glutamine (1.7 to 107 mM) for long periods of time in the absence of glucose, ammonia was produced at a slow rate (Fig. 1) . Because the rate of ammonia production was proportional to the glutamine concentration (V/S was constant; Fig. 2 (17) , Escherichia coli (14) , and Clostridium welchii (15) , glutamine is deaminated by a glutaminase reaction, but this activity was also absent in S. bovis. Since glutamate could not be produced via a glutaminase reaction, it is unlikely that glutamate was an intermediate in pyroglutamate formation. A glutamine cyclotransferase that can produce pyroglutamate directly from glutamine has been found in plants (19) and in E. coli (4) . Because S. bovis cell extracts were unable to produce ammonia, but toluenetreated cells did, it is possible that glutamine cyclotransferase was membrane associated.
S. bovis was able to use glutamine as its sole nitrogen source, but since pyroglutamate was a product, only 50% of the nitrogen (ammonia) from glutamine was available to the organism (Fig. 4) (Fig. 4) . Since the equilibrium constant for glutamate deamination is very low, 4.5 x 10-14 (12) , product accumulation could have had a significant effect on catalysis. When the GDH of S. bovis was assayed with concentrations of 2-oxoglutarate and NADPH that mimicked those found intracellularly, glutamate deamination was completely inhibited.
In aerobic organisms, the tricarboxylic acid (TCA) cycle is often a pathway for energy derivation, but anaerobic organisms lack oxygen-linked electron transport systems and are usually unable to reoxidize reduced cofactors arising from this cycle. S. bovis had significant isocitrate dehydrogenase activity, but 2-oxoglutarate dehydrogenase was not detected (Fig. 4) . Because 2-oxoglutarate could not be converted to succinate, it is not surprising that 2-oxoglutarate accumulated (Table 2) . Some organisms are able to reoxidize reduced cofactors via reactions involving hydrogenases. No such activity could be detected in S. bovis, and intracellular NADPH concentrations also inhibited glutamate deamination.
Recent work indicated that a ruminal peptostreptococcus was able to convert glutamine to pyroglutamate (9), but to our knowledge this is the first report of pyroglutamate production in streptococci. Considering the fact that the amide nitrogen of glutamine is easily removed by strong acids (27) and that pyroglutamate can be produced from glutamate by autoclaving (28), it is not surprising that commercial amino acid sources (e.g., Trypticase and Casamino Acids) contained considerable amounts of pyroglutamate or that previous workers were unable to detect ammonia production by ruminal streptococci (6) .
Pyroglutamate is sometimes found as the terminal amino acid in proteins (17) . It had generally been assumed that pyroglutamate arose as a posttranslational modification of terminal glutamyl residues (20) , but in E. coli, glutamine cyclotransferase, the enzyme producing pyroglutamate, is also able to convert glutaminyl-tRNA to pyroglutaminyltRNA (4) . In animals, pyroglutamate can occur as the terminal amino acid in hypothalamic releasing hormones. For example, thyrotropin-releasing hormone is a tripeptide consisting of pyroglutamate, histidine, and proline (17) . The impact of ruminal pyroglutamate production on host metabolism has never been considered. Recent studies in our laboratory indicated that pyroglutamate accumulated in vitro when mixed ruminal bacteria were treated with monensin,
